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Abstract
Ever since the first use of DNA evidence in 1986, it has been heavily relied on in
court as a means of both convicting felons and exonerating wrongfully imprisoned
people. It is a valuable tool in investigations, but like everything else, is not perfect.
There have been studies on the accuracy of DNA mixture interpretation in the past with
varying results. This is because mixture interpretation is a complicated process that is
not always as specific as would be ideal. This study attempted to determine if two
students with the exact same education in forensic science and, more specifically, DNA
mixture interpretation, would have an increased rate of accuracy in mixture
interpretation. It also examined things that can affect the integrity of DNA profiles and
some of the drawbacks of DNA mixture interpretation.

Key Words: forensic biology, DNA, mixture analysis

Error in DNA mixture analysis: Why the application of forensic DNA is not a
perfect science

An overview of forensic DNA and mixture analysis
DNA and its use in forensics
Deoxyribonucleic acid (DNA) is a polymer made of nucleotide monomers. These
nucleic acids are made of three components: a five-carbon sugar (deoxyribose in the
case of DNA and ribose in the case of RNA), a phosphate group to form the double
helix backbone, and a base pair. Nucleic acids can have any one of five base pairs,
including: adenine, guanine, thymine, cytosine, and uracil. However, uracil is only used
in RNA. It has the same basic structure as thymine, except with one less methyl group.
The lack of that methyl group makes it less stable, which is why it is not used in DNA.
Strands of DNA wind up, using proteins, to form chromosomes. Nearly every human
being has 23 pairs of chromosomes, or 46 in total. They get one chromosome in a pair
from their mother, and the other from their father.
The pattern that base pairs form in DNA comprises all hereditary information
passed from parent to child. The human genome contains over 3 billion base pairs, and
yet there are only about 19 to 20 thousand genes. Some regions of DNA code directly
for proteins, but this only makes up about 1% of the genome, so the other 99% is
considered noncoding DNA (Henninger 2012).
When forensic scientists look at a DNA profile, what they are looking at are
polymorphisms, which are simply the different alleles that people have within a

population. There are different kinds of polymorphisms, but forensic scientists deal with
length polymorphisms; more specifically, Short Tandem Repeats (STRs). These are
alleles with the same repeating sequence- usually a 2-4 base pair sequence- that
repeat a different number of times in different people. Since nearly everyone has two
alleles at each locus, or place on a chromosome, looking at thirteen loci or more can
create a highly discriminatory profile that differentiates clearly between nonrelated
people.
DNA evidence was first used in 1986 in Leicestershire, England to convict Colin
Pitchfork of the rape and murder of Dawn Ashworth. The man who put it to use, Alec
Jeffreys, was a professor of genetics at the University of Leicestershire. He had already
developed the technique to perform paternity tests, so the police asked for his help in
the investigation. After analyzing the samples provided from over 4,000 men in the area,
they were able to match the DNA from the crime scene to that of a profile obtained from
Colin Pitchfork (Arnaud 2017). Ever since this groundbreaking case, researchers have
worked on refining the technique, making the process both more accurate and more
sensitive.
Items generally containing DNA
A person’s entire genome is found in nearly every somatic cell in their body, so
almost any biological fluid containing cells is a good source to obtain a DNA profile
from. These biological fluids include blood, semen, saliva, urine, and vaginal secretions.
It is important to note that these fluids don’t actually contain DNA themselves. Blood
contains leukocytes, which have DNA, semen contains sperm cells, which contain
haploid DNA, and semen, saliva, and vaginal secretions generally contain epithelial

cells from the surrounding tissue. Hair is also a potential source of DNA evidence. If
there is a follicle at the end of the hair, nuclear DNA can be extracted from it. If there is
no follicle, mitochondrial DNA can still be extracted from the shaft, but that is a different
process- and not as discriminatory. Teeth and other bones can occasionally be used as
sources of DNA, but that is rare.
Known samples are generally taken either as a buccal swab- which means the
inside of the mouth is swabbed with a sterile cotton tip- or as a blood test, in which a
finger is pricked to gather a small amount of blood (“DNA samples: when you have to
give a sample”). Evidentiary samples can be more diverse. In crime scenes involving
murder, assault, and/or sexual assault, there are generally swaths of cloth and/or
carpeting with some sort of biological fluid on it. In burglaries or other less violent
crimes, the perpetrator will sometimes drink or eat from something, leaving their saliva
behind. Cigarette butts are also a great source of DNA, as they contain the saliva of the
person that smoked them. Other items with potential DNA on them include condoms,
stamps, and various items of clothing, like gloves, hats, and more. With any piece of
evidence that contains a possible biological fluid, it must be tested with screening and
then, if applicable, confirmatory tests to determine what kind of biological fluid is
present. From there, analysts can progress to extracting the DNA from the evidence in
order to get a profile.
The steps to obtaining a DNA profile
There are four steps to obtaining a DNA profile from either a known or
evidentiary sample: extraction, quantification, amplification, and detection. Extraction is
a long and intensive process with four main steps. First, the cells are lysed. Then the

DNA is separated from everything else. The last step in extraction is for the DNA to be
purified using a series of buffers increasing in stringency.
Quantification is a version of Polymerase Chain Reaction (PCR) in which
fluorescent dye is attached to each new copy as it is being made. By measuring the
intensity of the fluorescence as the new bits of copied DNA are produced, it is possible
to determine how much material one started with. Quantification is a crucial step,
because if there is too much DNA amplified and run through capillary electrophoresis,
the resulting electropherogram will be blown out, and there will be many artifacts,
making it very difficult to read. On the other hand, if there is too little DNA, there is the
potential for some alleles to drop out because of the randomness of PCR amplification.
Once the amount of DNA is determined in a sample, the appropriate dilutions must be
carried out to create a sample with about 500 nanograms of DNA in it for optimum
amplification and detection.
The sample is then amplified using PCR. This is also a three-step process:
denaturing, annealing, and synthesis. Denaturing happens at a high temperaturearound 95°C and is when the two antiparallel strands of DNA are split apart. Then,
during annealing, primers bind to the primer binding sites. This happens at a lower
temperature of around 50°C to increase binding affinity. Lastly, synthesis happens at
72°C (Kubista et al. 2006). This is the stage where free dNTPs from the PCR Master
Mix are added to the template strand, starting at the primer. In the PCR stage,
fluorescent dyes are attached to the copies of DNA again. This is how large amounts of
copies of DNA are made in a short amount of time, so that they can be analyzed.

The last step to obtaining a DNA profile is separation and detection. There a few
different methods of doing this, but the method used in this study is capillary
electrophoresis. In this process, the negatively charged DNA fragments are attracted to
the positive cathode though the capillary tube. Different things affect how quickly they
pass through the tube, including, size and shape. Smaller fragments pass through more
quickly than large fragments. As the DNA fragments pass through the tube, they
fluoresce, and by measuring when they pass through and how long they stay in the
tube, it is possible to determine how heavy the fragments are (so how many repeats of
the sequence there are, and therefore which alleles are present) and how much of each
allele there is. This information appears as peaks on the electropherogram.
When to expect mixtures and how to interpret them
As DNA is ubiquitous, and people can leave trace DNA on everything they touch
or are even in the same room with, DNA mixtures can almost always be expected,
except for in known samples. One case that DNA mixtures are especially prevalent in is
in sexual assault investigations. The samples taken nearly always produce mixtures.
Because of this, a process of differential extraction was developed for separating sperm
cells from the rest of the cells, as the sperm cells come from the male and the other
cells come from the female. In this case, mixture analysis should not be necessary.
Other instances where mixture analysis is common is on items of clothing that other
people have worn or touched, doorknobs, items taken from the garbage, and more.
Learning to interpret mixtures accurately is important for a DNA analyst, as it makes up
a big portion of their job.

When an analyst is presented with a two-person mixture profile, the first thing
they must do is to edit out artifacts- peaks that appear on the electropherogram that are
not true alleles. After this, the analysts have a lot of math to perform. First, they must
calculate the peak height ratios of the all the peaks at all different loci. This is how
restricted genotypes are determined. There are different guidelines for labs, but usually
a 60% threshold is observed for the minimum peak height ratio that two peaks can have
and still be considered a restricted genotype. Once this is done, if restricted genotypes
could be determined, the mixture ratios at each locus can be calculated. If a mixture
ratio is 1:3 or higher, the major and minor contributors can be established. In this way,
an analyst can build profiles of the restricted genotypes of the major and minor
contributors.
In a two-person mixture, there are four options for how many alleles will be at a
locus. If both people are homozygous and share an allele, there will be only one peak at
a locus. This allows an analyst to determine the genotypes of both contributors
(assuming there is no dropout due to stochastic effects), but not the mixture ratio, as
there are no different numbers for the analyst to compare. On the other end of the
spectrum, if both people are heterozygous and do not share any alleles, there will be
four peaks at a locus. This allows the analyst to try and calculate peak height ratios, and
if restricted genotypes can be determined, the mixture ratio at that locus. However,
there are a few things that can make this difficult. If the mixture is a 1:1, 1:2, or anything
in between, restricted genotypes and therefore mixture ratios generally cannot be
determined. Essentially, the locus can only be used to include or exclude other profiles.
It does not narrow things down very well. If a locus has two alleles, there are a couple of

explanations. The two people could be homozygotes and not share any alleles, or they
could be heterozygotes and share both alleles. Or, one person could be a heterozygote
while the other is a homozygote, and they share one allele. If a locus has three alleles,
there is also more than one explanation. One person could be a homozygote, while the
other is a heterozygote, and they do not share any alleles. Both could be heterozygotes
and they share one allele (Weir et al. 1997). At both of these types of loci, analysts can
sometimes determine the restricted genotypes and mixture ratios, but there is a lot of
uncertainty involved- these are definitely the most challenging types of loci.
With all DNA mixtures, it is not uncommon for an analyst to be unable to
determine full, distinct profiles from the mixture. In these cases, DNA evidence can be
used in investigations and courts to suggest that a certain person was present or not
present at a crime scene, but it is not concrete proof.
Drawbacks of forensic DNA and mixture analysis
While DNA profiling is considered the gold standard of the different branches of
forensic science, it is not without its drawbacks. Like everything, DNA interpretations
must be taken with a grain of salt- especially mixtures. There are a few things that can
affect the reliability of DNA profiles. First of all, degredation can greatly affect the quality
of a profile. When DNA has been left at room temperature or elevated temperatures, it
can degrade very quickly. This can result in allele dropout or even drop-in, in rare
cases. This can make a mixture profile much more difficult to interpret, because the
mixture ratio will not be as clear due to the stunted peaks formed by degredation (Ladd
et al. 2001).

Another thing that can affect the quality of a DNA profile whether it is a mixture or
not is when there is a low amount of DNA in the sample to begin with. There have been
some incredible leaps in DNA extraction and profiling technology in the last few years.
While this is very helpful in some cases, in others it can be more confusing than
anything. DNA mixtures are not always an equal ratio. There can be mixture ratios of
1:9 and lower. Low template analysis is a word for when an analyst has less than 100pg
of DNA to make a profile with- or about 19 cells. So, in a 1:1 mixture, if an analyst would
begin with 1ng of DNA total, or 152 cells total, there are 76 cells from each contributorwell above the 19-cell threshold of low template analysis. However, in a 1:9 mixture,
beginning with 1ng of total DNA and 152 total cells, the major contributor would be
contributing 137 of those cells to the mixture, while the minor contributor would only be
contributing 15. This is below the threshold for low template analysis, and when there is
this little DNA, there is an increased opportunity for stochastic effects to affect the
profile. Stochastic means random, so in DNA analysis, stochastic effects are referring to
how the primers binding to primer binding sites in PCR is a random process. Since it is
random, there are instances where not enough or too much of a fragment is amplified.
Stochastic effects can be responsible for allele drop-out, drop-in, severe peak
imbalance, and amplified artifacts. In a normal sample with over 1ng of DNA, there is so
much template that stochastic effects are minimized. In low template analysis, however,
stochastic effects are much more pronounced. It is something that all analysts must
keep in mind and account for. Running the sample multiple times and looking at which
alleles present in the profile a majority of the time is a solution for this, but even this isn’t
perfect, and can be difficult if there is already a low amount of sample to begin with.

One last thing that can impede interpreting a DNA profile- a mixture or otherwiseare artifacts. These artifacts are things other than the true profile that appear as peaks
on the electropherogram and are called as alleles by the computer system. Stutter is an
artifact that appears as a small peak one repeat smaller than the true allele. This
happens because of strand slippage during the PCR process. It is an artifact that is
well-understood, so usually the analysis software can account for it. However,
stochastic effects can amplify the stutter peak, making it larger than it should be. This
can cause an analyst to decide that it is a true allele, even though it is not. On the other
hand, if an analyst is presented with a low 1:9 mixture ratio, the minor contributor could
have, for example, a 22 allele at a certain locus, while the major contributor has a 23
allele at that same locus. The analyst could decide that the peak at 22 is just unusually
high stutter and edit the peak out, making the resulting profile inaccurate. The other
artifact that can potentially interfere with mixture analysis is pull up. This is a type of
spectral disruption that happens when there is an unusually large peak. It causes the
baseline in the neighboring lane to be disrupted, forming a peak. Pull up on its own
usually looks distinct enough to recognize, but sometimes pull up combined with stutter
can make a stutter peak look like a true peak. Or, in mixtures of more than two people,
pull up can make one allele from a heterozygote form a bigger peak than the other- big
enough that they are mathematically ruled out as coming from the same contributor.
All of these things can affect the reliability of a DNA profile. Mixture analysis is a
difficult task, and unfortunately it is very common in crime labs. The problems with it are
known and accounted for as much as possible, though it is impossible to account for
everything. This study was done in response to Itiel E. Dror and Greg Hampikian’s 2011

study, “Subjectivity and bias in forensic DNA mixture interpretation” in which they write
scathingly about the shortcomings of mixture interpretation.

Materials and Methods
Two students who have received identical instruction in forensic biology and
mixture interpretation were given a 5:1 mixture sample for interpretation. The sample is
as follows:

Figure 1: 5:1 sample. This sample was analyzed by two different students with experience interpreting
mixtures. It was provided from Dr. Adamowicz’s sample databank.

The students worked alone, each editing out artifacts out of the samples first. This was
done by using GeneMarker® HID: STR Human Identity Software V2.9.0. The
parameters of analysis were as follows:

Figure 2. Parameters for analysis of DNA sample. These were the guidelines given to the two students
who performed a mixture analysis on the sample on what the settings should be in order to read the
electropherogram correctly. Information obtained from a handout from Dr. Adamowicz.

Further guidelines for analysis included an analytical threshold of 50rfu and a stochastic
threshold of 150rfu.
Once editing is finished, the next step in mixture analysis is calculating peak
height ratios to determine the possible restricted genotypes that make up the sample.

The students calculated peak height ratios with the guideline that any allele pairs with a
peak height ratio under 60% is not a possible restricted genotype.
After calculating the peak height ratio, the mixture ratio is calculated for the
possible restricted genotypes, determining whether the major and minor contributors
can be identified. In this case, the cutoff for determining the major and minor
contributors was anything at or above a 3:1 mixture ratio. If there was a ratio lower than
3:1, then the major and minor contributors’ genotypes could not be determined.

Results
As shown in Table 1, out of 24 loci, 15 were correctly analyzed by both analysts.
In this case, “analyzed” means that all artifacts were edited correctly, peak height ratios
were calculated correctly, restricted genotypes were either determined to the best of the
analysts’ ability based on the profile or stated that they could not be determined, and
mixture ratios were either calculated based on the profile or stated that they could not
be determined when appropriate. At seven of the loci, one of the analysts performed at
least one step wrong, affecting the answer that they should have gotten. At two of the
loci, both of the analysts performed at least one step wrong, affecting the answer they
should have gotten.
Table 1
Loci Analyzed Correctly and Incorrectly
Correct by Both Analysts
Incorrect by One Analyst
AMEL
D13S317
D3S1358
Penta E
D1S1656
CSF1PO
D2S441
Penta D

Incorrect by Both Analysts
D5S2818
D12S391

D10S1248
D16S539
D18S51
D2S1338
vWA
D7S820
TPOX
DYS391
D19S433
FGA
D22S1045

TH01
D21S11
D8S1179

While Table 1 shows whether or not the analysts were able to correctly perform
their analysis to the best of their ability based on the profile they were given, Table 2
shows whether or not the analysts were able to accurately call the alleles at each locus.
This is an important distinction, because no matter how well an analyst can do their job,
there will always be things beyond their control. For example, neither analyst could have
called FGA correctly because of the way it was amplified. Due to the low amount of
DNA from one of the contributors to the sample and the stochastic effects of
amplification, none of the combinations produced peak height ratios that were above
60%. As shown in Table 2, the alleles at only half of the loci in the profile were called
accurately by both analysts. Alleles at four loci were called incorrectly by one analyst,
and alleles at the other eight loci were called at least in part incorrectly by both analysts.
This includes loci such as D21S11, where one of the analysts called it to the best of
their ability as 28,32.2 and obligate 27 (the other analyst had a miscalculation at this
locus). The first analyst did everything perfectly and was not technically incorrect. There
was no way that the analyst could have known that the true genotypes are 28,32.2 and

27,32.2. It is simply a result of the low amount of DNA from one of the contributors, and
the fact that triallelic loci can be very tricky.
Table 2
Loci Called Accurately and Inaccurately
Acurate by Both Analysts
Inaccurate by One Analyst
D3S1358
Penta E
D1S1656
Penta D
D2S441
TH01
D10S1248
D8S1179
D16S539
D18S51
D2S1338
vWA
D7S820
TPOX
D19S433
D22S1045

Inaccurate by Both Analysts
AMEL
D13S317
CSF1PO
D21S11
D5S2818
DYS391
D12S391
FGA

As mentioned above, some loci can be more difficult to interpret than others
based on how many alleles are present. Figure 3 attributes error (as defined for Table
1) to how many alleles are present at a locus. There were no analyst errors at loci with
only one allele, and only one analyst error at loci with two alleles. Triallelic loci had the
highest number of errors, at 7 analyst errors. There were two mistakes made at loci with
four alleles.

Number of Analyst Errors at Each Type of
Locus

8
7
6
5
4
3
2
1
0
1

2

3

4

Number of Alleles at Locus

Figure 3. Error based off of how many alleles are at a locus. This chart was made based off of the error
as defied for Table 1. The errors add up to 10 instead of 9 because the analysts each made a different
error at D5S818.

There were two types of errors made by the analysts in the process of
interpreting the DNA mixture profile: editing incorrectly and miscalculations. In the case
of editing, there were three times that a true peak was presumed to be an artifact and
edited out, and at one locus, an artifact was presumed to be a true peak and incorrectly
confirmed by both analysts. The analysts performed calculation errors at six different
loci.
Table 3
Amounts of Different Types of Error
Type of Analyst Error
Number of Times Error was Seen
Editing
4
Miscalculation
6
Note: based off of error as defined for Table 1.
Note: Sums to 10 instead of 9 because the analysts each made a different error at D5S818

Discussion
These results are quite sobering. The number of correctly analyzed loci is not as
high as one would hope for, especially in a branch of forensic science that jurors take so
seriously. It was hoped since the analysts had taken the same classes in forensic
science- and mixture interpretation especially- that the resulting analysis would be much
the same. However, this was not the case. Table 1 shows which loci the analysts made
errors at. A majority of the errors made by the analysts were miscalculations. The first
locus with a miscalculation happened to be D13S317, which happened to be a triallelic
locus. One of the analysts did the calculations perfectly, coming up with restricted
genotypes of 10,13 and obligate 12. When reporting genotypes in mixture profiles,
“obligate” means that there is more than one possibility for one of the alleles. So, in this
case, one of the contributors has a genotype of 10,13, while the other contributor has
one allele that is 12; however, the other allele could be either 10 or 13. Both options
produce viable peak height ratios, so it is impossible to distinguish between the two.
The other analyst did not perform the calculations correctly, so they came up with the
restricted genotypes of 10,13 and 12,12, which is not correct (the true genotypes are
10,13 and 12,13).
Very similar mistakes were made at CSF1PO, TH01, D21S11, and D5S818.
They are all triallelic loci where the correct analysis would be to have a restricted
genotype for one contributor and an obligate allele for the other.

The last miscalculation happened at D8S1179. This one was a little different,
because there were only two alleles at this locus. The true genotypes at this locus were
13,13 from the major contributor and 15,15 from the minor contributor, with a mixture
ratio of 10:1. However, one of the analysts did the calculations incorrectly and wasn’t
able to report a restricted genotype.
While having this many miscalculations isn’t ideal, something to keep in mind is
that these students have only interpreted about 4 mixtures since they learned about
mixture interpretation. It is a difficult process, and no one is perfect at it when they first
begin. These simple miscalculation errors are hopefully not ones that are made by more
experienced analysts- or if they are initially, they are caught when they double-check
their work.
As for the editing errors, there were fewer of these than there were
miscalculations. The first one happened at Penta E. One of the analysts made the
judgement that allele 17, from the minor contributor, was an artifact and edited it out.
This led them to the faulty conclusion that the genotypes were 7,12 and 11,11, with 7,12
coming from the major contributor and 11,11 coming from the minor contributor (they
determined the mixture ratio to be 15:1 for the locus, which is much higher than the true
mixture ratio of 5:1). What they really should have concluded, and what the other
analyst did, is that the restricted genotypes are 7,12 and 11,17, with the 7,12 alleles
coming from the major contributor and the 11,17 alleles coming from the minor
contributor, with a mixture ratio of about 8:1. This ratio is much closer to the true ratio of
5:1, and only differs because of the stochastic effects of PCR amplification.

The next editing mistake affected the analysis of Penta D. Again, an analyst
made a mistake and edited out a true allele as an artifact. In this case, it was allele 14,
that came from the minor contributor. The true restricted genotypes at Penta D are
12,13 from the major contributor, and 8,14 from the minor contributor, with a mixture
ratio of about 8:1 again. However, the analyst who made the error concluded restricted
genotypes of 13,12 and 8,8, with 13,12 coming from the major contributor and 8,8
coming from the minor contributor. In this case, the mixture ratio was much too high
again, at a ratio of 17:1. This high mixture ratio should be an analyst’s first clue that
something is wrong. While it is normal for mixture ratios to differ due to the fact that
PCR is a random process, it is not usually normal for them to differ so much.
The last error made by an analyst editing out a true allele happened at the
D5S818 locus. In this case, one of the analysts edited out allele 8 as an artifact, turning
D5 into a two-allele locus. They came to the faulty conclusion that the two contributors
to the sample had identical genotypes of 10,13, instead of the true genotypes, which are
10,13 and 8,13, with the 10,13 genotype from the major contributor and the 8,13
genotype coming from the minor contributor.
The last allele that was not edited correctly and therefore not analyzed correctly
was D12S391. Both analysts actually made the same mistake here. The stutter peak
before allele 25 looked suspiciously like a true peak, so both analysts called it, resulting
in them determining the restricted genotypes to be 18,24 and 20,25, when in reality, the
true genotypes are 20,25 and 18,18, with the 20 and 25 alleles coming from the major
contributor, and the 18,18 alleles coming from the minor contributor.

Of course, these results are not the end all determination on whether mixture
analysis is as perfect as some believe, or as subjective as others do. There are many
ways this experiment could have been expanded upon and improved. More analysts
interpreting the same mixture would provide a better idea as to the accuracy of the
process. Also, it would be helpful if the same analyst conducted an analysis on multiple
different mixtures to see if the error rate is consistent across loci with one, two, three,
and four alleles. Another way to better the experiment would be to have more
experienced analysts interpret the mixtures. Mixture interpretation is arguably of the
most difficult tasks a forensic scientist can do, and students who have only learned
about it the semester previous can hardly be considered experts on it. A good majority
of the editing and calculation errors that were made are very small and would most
likely be caught by people who have been doing it for years and know what to look for.
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